3-Hydroxy-2-oxindoles are present in a variety of alkaloid natural products that have recently emerged as an important class of therapeutic compounds with a broad spectrum of biological activities.
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1 Recent structure-activity relationship studies have shown that both the configuration of the hydroxy group and the substituent pattern at the C 3 position greatly affect the biological activities of these compounds. 1a Therefore, development of synthetic routes to a C 3 -hydroxy-bearing stereogenic center with control of the absolute configuration is of paramount importance. Catalytic procedures for the asymmetric synthesis of 3-hydroxy-2-oxindoles are limited, and most rely heavily on the use of transition-metal catalysis, particularly in the addition of an organometallic reagent to isatins, and in a rare case, the reaction of metal enolates derived from oxindoles with Davis' achiral oxaziridine. 2, 3 Often, these metal-based reactions must be performed under an inert atmosphere in order to obtain optimal results. Few organocatalytic methods allowing access to these types of oxindoles via the additions of carbonyl compounds to isatins have been reported. 4 Only a single report describes asymmetric hydroxylation of oxindoles using phase-transfer catalysis. 5 Herein we describe a novel aminooxygenation of oxindoles with nitrosobenzene catalyzed by a newly designed quinidine dimer that affords the desired products in good yields with high enantioselectivities (Figure 1) . 6 This metal-free catalytic process allows construction of a C-O bond at C 3 of oxindoles in a stereoselective manner, providing a new approach to the synthesis of optically active 3-hydroxy-2-oxindole derivatives.
Recently, we disclosed the first enantio-and diastereoselective Michael additions of oxindoles to nitroolefins and catalytic enantioselective R-aminations of oxindoles with diazo compounds. 7, 8 We envisioned the reaction of oxindoles with nitrosobenzene as a way of constructing a C-O bond and simultaneously creating a tetrasubstituted stereogenic center at C 3 in a stereoselectively controlled manner when a chiral, nonracemic tertiary amine catalyst is employed. Control over the stereochemical outcome of this process was a challenge for several reasons. First was the loose, noncovalent interaction between the tertiary amine catalyst and the enolate derived from the oxindole substrate ( Figure 2 ). Consequently, steric differentiation induced by the catalyst would not be large. Second, the enolate-catalyst complex must be highly reactive in order to overcome the steric encumbrance at C 3 while orchestrating the enantioselectivity of the aminooxygenation. Finally, although numerous enamine-based enantioselective processes involving nitrosobenzene and carbonyl compounds have been published, 6 the analogous transformation using oxindoles as nucleophiles, even in a racemic form, has not been reported.
Initially, the reaction of oxindole 1a with nitrosobenzene in the presence of catalyst 1 (10 mol %) was examined (Scheme 1, Table 1 ). Under these conditions, the desired product 2a was obtained in rather moderate yield and enantiomeric excess (ee) (entry 1). Quinidine derivative 2 was an unsatisfactory catalyst (entry 2). Bulky, dimeric hydroquinidine 3 was not effective for this transformation, nor was the bifunctional thiourea catalyst 4 (entries 3 and 4, respectively). Therefore, dimeric catalyst 5 was designed and synthesized by dimerization of quinidine at the C 6 position. With this new catalyst, remarkable improvements in yield and ee were observed (entry 5). Interestingly, with dimer 6, a protected form of 5, the yield and ee of product 2a were low, indicating that the free hydroxyl groups at C 9 in 5 are crucial for overall catalytic efficiency (entry 5 vs entry 6). The yield and enantioselectivity were lower with catalysts 7 and 8 than with 5 (entry 5 vs entries 7 and 8); 7 and 8 were synthesized by dimerization of quinidine at C 9 . The free hydroxyl groups at C 6 in 8 were not important for high selectivity (entry 7 vs entry 8). In addition, a significant decrease in ee was observed when the protecting group on the oxindole nitrogen atom was changed from benzyl to allyl (entry 5 vs entry 9). A survey of several solvents led to the identification of tetrahydrofuran (THF) as the optimal solvent for the reaction (entry 5 vs entries 9-13). An increase in temperature decreased the ee, but the yields were more or less comparable (entries 5 and 7 vs entries 14 and 15, respectively).
With the optimal conditions in hand, the scope of the aminooxygenation of oxindoles was investigated (Table 2) . Oxindole products bearing methyl and benzyl substituents at the C 3 position were obtained in good yields and ee (entries 1-2). With an allyl substituent, the reaction proceeded smoothly even with 5 mol% 5, affording the desired product with good yield and ee. With a slight increase in catalyst loading (to 10 mol %), reaction of a pmethoxybenzyl (PMB)-protected oxindole provided the desired product in good yield (entry 4). The PMB protecting group is readily cleaved under oxidative conditions, and the allyl moiety provides a handle for further functional group manipulation. The substrate scope was expanded to oxindoles with more sterically hindered allyl substituents (entries 5 and 6). Although decreases in both yield and ee were observed with homoallyl-substituted substrates (entry 7), the enantioselectivities were excellent when PMB-and benzylprotected alkynyl oxindoles were employed (entries 8 and 9). In most cases, the aminooxygenation was O-selective, providing the desired products in good yields. 9 The absolute configuration at the newly created center was determined to be R by analysis of an unprotected 3-hydroxyoxindole derived from 2d. 10 Although the mechanism of the dimeric quinidine-catalyzed enantioselective aminoxygenation has not been determined, we posit that the reaction proceeds through zwitterionic enolate i, which is generated by deprotonation of the C 3 methine protons of the oxindole (Scheme 2). This enolate then reacts with nitrosobenzene in an O-selective fashion, presumably as a result of the directing effect of a hydroxyl group of the catalyst. 11 Proton transfer from the protonated amine catalyst to species ii provides the product and releases the catalyst back into the cycle (see the Supporting Information).
In summary, we have demonstrated a novel enantioselective aminooxygenation of oxindoles catalyzed by a newly designed dimeric quinidine catalyst. The reaction is general, providing products in good yields and ee's. This work represents the first example of an organocatalytic method for the construction of a C-O bond and the creation of a tetrasubstituted chiral center at the C 3 position of oxindoles. Further studies of this dimeric bifunctional catalyst in other asymmetric transformations are being undertaken to broaden its utility and gain insight into its catalytic activity. 
JA101032J

